Elephants express two luteinizing hormone (LH) peaks timed 3 wk apart during the follicular phase. This is in marked contrast with the classic mammalian estrous cycle model with its single, ovulation-inducing LH peak. It is not clear why ovulation and a rise in progesterone only occur after the second LH peak in elephants. However, by combining ovarian ultrasound and hormone measurements in five Asian elephants (Elephas maximus), we have found a novel strategy for dominant follicle selection and luteal tissue accumulation. Two distinct waves of follicles develop during the follicular phase, each of which is terminated by an LH peak. At the first (anovulatory) LH surge, the largest follicles measure between 10 and 19.0 mm. At 7 6 2.4 days before the second (ovulatory) LH surge, luteinization of these large follicles occurs. Simultaneously with luteinized follicle (LUF) formation, immunoreactive (ir) inhibin concentrations rise and stay elevated for 41.8 6 5.8 days after ovulation and the subsequent rise in progesterone. We have found a significant relationship between LUF diameter and serum irinhibin level (r 2 ¼ 0.82, P , 0.001). The results indicate that circulating ir-inhibin concentrations are derived from the luteinized granulosa cells of LUFs. Therefore, it appears that the development of LUFs is a precondition for inhibin secretion, which in turn impacts the selection of the ovulatory follicle. Only now, a single dominant follicle may deviate from the second follicular wave and ovulate after the second LH peak. Thus, elephants have evolved a different strategy for corpus luteum formation and selection of the ovulatory follicle as compared with other mammals. corpus luteum, estrous cycle, follicle, inhibin, ovulation, progesterone/progesterone receptor
INTRODUCTION
Elephants have distinct characteristics in the field of comparative mammalian reproductive physiology. They are monovular yet show multiple corpora lutea (CLs) on their ovaries during both reproductive cycles and pregnancy. The majority of the CLs cluster together on the ovary ipsilateral to ovulation [1] . Elephants have the longest reproductive cycle of all mammals studied to date and, quite uniquely, have two luteinizing hormone (LH) peaks during the 5-to 8-wk follicular phase [2, 3] . These two peaks are spaced consistently 19-21 days apart, with ovulation occurring within 24 h after the second (ovulatory) LH surge. Large follicles that may attain ovulatory diameter have been observed at the first (anovulatory) LH peak, but they never ovulate [1, 3] . Furthermore, no difference in LH concentrations is found between the two peaks [1, 3, 4] , and estradiol surges precede both [1, 5] .
Three main questions arise from this phenomenon: What is the function of the first LH peak? Why does ovulation only occur at the second peak? Why does ovulation always occur on the ovary that has luteinized follicles (LUFs) in greater number and size?
Initial speculation suggested that the first LH surge had the function of preparing the endometrium during the long reproductive cycle [6] . Other theories included acting as a primer to attract solitary roaming bulls well in advance of ovulation to ensure that a mating partner was available when ovulation occurred [7] or having a filter function to prevent multiple ovulations and twinning [3, 7, 8] .
Recent ultrasonographic observations have shown that two follicular waves occur during the follicular phase [1, 7] , which explains the two estradiol-17b surges. Matching endocrine analysis confirmed that each wave was terminated by an LH peak [1] . After the first LH surge, larger follicles luteinized and served as accessory CLs (acCLs); after the second LH peak, a single ovulatory CL (ovCL) formed in addition to the acCLs [1, 6] . Interestingly, only after the second peak do progestagens start rising (usually within 2-5 days), even though the LUFs clearly form before ovulation [1] .
The interaction of follicle-stimulating hormone (FSH) and inhibins play a major role for folliculogenesis and dominant follicle selection in many species. Inhibins are heterodimeric glycoproteins belonging to the transforming growth factor-b superfamily and are composed of a unique a and one of two b (bA or bB) subunits to generate inhibin A (a-bA) or inhibin B (a-bB), respectively. Inhibin is secreted by the granulosa cells of follicles that develop from small antral to preovulatory size in several species [9] . Inhibin then suppresses FSH secretion from the pituitary gland by a negative-feedback effect [10, 11] . Declining FSH concentrations result in a diminished growth of smaller follicles and a subsequent growth advantage for the largest follicle(s).
In elephants, inhibin concentrations increase before ovulation and decline approximately 3 wk before the end of the luteal phase [3, 4] . As in other animals, it was anticipated that inhibin was derived from the granulosa cells of the developing dominant follicle [12] . However, this theory has two problems: First, no inhibin is detectable at the first LH peak, even though large follicles, sometimes of ovulatory size, can be observed on the ovaries [1] . Second, inhibin remains elevated for several weeks after ovulation [3, 4, 13] , whereas in other species, inhibin declines to nadir levels shortly after rupture of the dominant follicle (e.g., mares [14, 15] and cows [16] ) or the preovulatory LH surge (e.g., rats [17] ).
It has been demonstrated that inhibin can also be derived from luteal cells in sheep [18] , some primate species [19] , and humans [20] . Studies of the CLs suggest that this is also the case in elephants [13, 21] . Immunohistostaining showed a strong, positive reaction in luteinized granulosa cells for inhibin a, bA, and bB subunits [13] . In addition, elephants show two different types of CLs [1] . Type 1 CLs are LUFderived acCLs, and type 2 CLs are the ovCLs. Because inhibin rises before ovulation, the luteinized granulosa cells of the LUFs could represent the main source of inhibin in female elephants. This finding suggests a new and very important role for the first LH peak. As follicles luteinize, they may be secreting the inhibin necessary for selection of the single ovulatory follicle.
To test this hypothesis, ovaries of cycling female elephants were observed during the follicular phase via ultrasound to detect the first signs of luteinization. Ultrasonographic results were then correlated with inhibin, progesterone metabolite (P m ), and LH measurements. Here, we provide a new explanation for the occurrence of two LH peaks and accessory luteal structures during the estrous cycle of Asian elephants (Elephas maximus).
MATERIALS AND METHODS

Animals
Five female Asian elephants between 14 and 46 yr of age were examined in the present study. They were housed in a free-contact situation at the African Lion Safari in Cambridge, Ontario, Canada, and trained to allow all examinations without sedation. The elephant-keeping facility is a registered research institution under the Animals for Research Act of the Ontario Ministry of Agriculture, Food, and Rural Affairs, and examinations were conducted in accord with accepted and legally mandated standards of humane animal care. All elephants except one nulliparous female had given birth to from one to four calves previously. The females were trained for transrectal ultrasound and examined over two to four cycles during a period of 2.5 yr.
Ultrasound
Transrectal ultrasound, using the portable three-dimensional (3D) ultrasound system Voluson ''I'' (General Electrics Health Care, GE Medical Systems Kretztechnik GmbH & Co.), equipped with 2-to 5-MHz or 4-to 7-MHz convex volume probes, was performed three to five times per week or every day (around ovulation) during the follicular phase and weekly after ovulation during the luteal phase. Occasionally, a stationary 3D ultrasound machine (Voluson 530; Kretztechnik AG) was used. In total, 14 cycles were monitored. The ultrasound examination of the elephant's reproductive tract is described elsewhere in detail [1, 22] . Follicles and CLs were counted and measured retrospectively at their largest diameter. CLs were measured by taking the two dimensions of the maximum cross-sectional diameter. The mean of the two measurements was taken into the graph (see Fig. 3 ). Colorflow Doppler (CFD) was applied to visualize blood supply of LUFs and CLs.
Endocrinology
Blood samples were collected daily during the follicular phase (starting 2 wk after the drop in progestagens to nonluteal levels) and weekly during the luteal phase from the ear vein into serum separator tubes (Corvac; Tyco Healthcare Group). Blood was centrifuged at 200 3 g for 30 min at room temperature. The serum was pipetted off and stored at À208C until assayed. Aliquots of serum samples were analyzed at the Conservation Biology Laboratory at Kingfisher International, Inc., for P m and LH via enzyme immunoassay (EIA). Other aliquots were shipped with Convention on International Trade of Endangered Species of Wild Fauna and Flora permission and analyzed for inhibin via radioimmunoassay (RIA) at the Tokyo University of Agriculture and Technology.
EIAs for progestagen and LH. Standard EIA methodologies for progesterone and for P m and LH determination in elephants were used. The progesterone concentrations were determined from weekly serum samples via EIA using a previously published protocol [23] with slight modifications [1, 24] . The progesterone antibody (CL425) and conjugate used were supplied by Coralie Munro (University of California, Davis). Assay sensitivity was 3.125 pg/50 ll at 90% binding. The intra-and interassay coefficients of variation were less than 15%.
Serum LH was quantified from daily samples by a double-antibody EIA previously validated for elephants [25, 26] that used an anti-bovine LH antiserum (518-B7; provided by Prof. Janet Roser, University of California, Davis, and characterized by Matteri et al. [26] ) and a nonspecific goat antimouse immunoglobulin G (M8645; Sigma). An ovine LH label was biotinylated in-house using the EZ-Link Sulfo-NHS-LC Biotinylation Kit (catalog no. 21430; Pierce, Thermo Scientific) with reagent-grade ovine LH (NIADDK-oLH-26; provided by A.F. Parlow, National Hormone and Peptide Program). Bovine LH (NIHbLH-B10; provided by A.F. Parlow) was used for the standards. Assay sensitivity was 3.9 pg/50 ll at 90% binding. Intra-and interassay coefficients of variation were less than 15%.
RIAs for immunoreactive inhibin. Inhibin concentrations from weekly samples were determined using a double-antibody RIA as described by Hamada et al. [27] and validated for elephants [13] . Bovine 32-kDa inhibin was used for both iodination and standard. The antibodies were in-house products of the Laboratory of Veterinary Physiology, Department of Veterinary Medicine, Faculty of Agriculture at the Tokyo University of Agriculture and Technology. The first antibody in this study was against bovine inhibin (H-1:40 000) in 0.05 M PBS containing 0.4% normal rabbit serum and 0.05 M ethylenediaminetetraacetic acid. The second antibody was raised against rabbit gamma globulin. Assay sensitivity was 7.8 pg/tube at 90% binding. The intra-and interassay coefficients of variation were 1.3% and 1.4%, respectively.
Data Analysis
Mean values generated on CL diameter and hormone concentration from two to four estrous cycles were calculated for each animal. These values were then used to retrieve the overall mean from five elephants (see Fig. 3 ). Because all elephants showed at least two and sometimes as many as six acCLs, only the mean of the two largest acCLs is depicted in Figure 3 . All values were aligned relative to the second LH peak.
For the comparison of acCL diameter and serum immunoreactive (ir) inhibin concentration, we used the overall weekly mean values from Week À3 up to Week 14 of a cycle, thus including an extended cycle period. Crosscorrelation, linear regression, and autocorrelation were applied to analyze the association between these two parameters over time. To quantify the potential time shift between the time course of the acCL and inhibin series, we calculated cross-correlations for 67 lags (one lag indicates 1 wk, because we used the weekly mean values). To use the data in the optimal way, cross-correlations were based on the whole period (i.e., Week À3 to Week 14) ( Table 1 ). All statistical calculations were performed with SPSS 16 software (SPSS, Inc.). The significance level was set to a ¼ 0.05.
The LUFs that developed during the follicular phase were renamed acCLs during the luteal phase. As seen in Figure 3 , which shows the mean diameter of the two largest acCLs, however, the differentiation was abolished to show the beginning of their formation and the continuous growth. Values are presented as the mean 6 SD (or the mean 6 SEM in Fig. 3 ).
RESULTS
The primary findings from the present study demonstrated a significant connection between the rise in inhibin concentrations and the formation of LUFs after the first LH peak. A schematic of the ultrasonographic ovarian events and associated reproductive hormones is presented in Figure 1 .
DOMINANT FOLLICLE SELECTION IN ELEPHANTS
The mean cycle length was 94.2 6 10.1 days, with a luteal phase length of 58.2 6 6.0 days and a follicular phase of 36.0 6 4.1 days. Throughout the luteal phase, no follicular activity was observed. Within 1-3 days after P m reached baseline (follicular-phase) concentrations, the first follicular development was noticed (Fig. 1I) . Two distinct follicular waves developed, each approximately 3 wk in duration. At the end of the first wave, the first LH surge occurred. At this time, some follicles had grown considerably in diameter (Fig. 1II) . The average follicle size was 9.2 6 2.1 mm, although some follicles reached ovulatory size (16.5-19 .0 mm). Around the first LH rise, smaller follicles from the first wave started regressing (Fig. 1II) , and only the larger follicles remained. These began to luteinize shortly after the first LH peak. The second follicular wave began to appear as newly formed, small follicles approximately 2 days after the first LH surge and resulted in ovulation of a single dominant follicle after the second LH peak 19-22 days later (Fig. 1III) . The first evidence of LUFs became apparent, on average, 7.0 6 2.4 days before the second LH peak. The earliest signs of luteinization were observed 15-17 days before ovulation in three animals ( Table  1) . Echogenicity enhancement and diameter increase of the follicular wall to greater than 1.0 mm was measurable at this point ( Fig. 2A) .
The ir-inhibin concentration increased between the first and second LH peak (Fig. 3) . A significant rise in ir-inhibin (P , 0.01, t ¼ 4.479, df ¼ 9) from baseline concentrations (0.074 6 0.006 ng/ml) coincided with the ultrasonographically visible luteal tissue formation from the LUFs on the ovaries (Fig. 3 ) and began 9.2 6 2.4 days before the second LH peak. With the onset of luteinization, increased blood supply was noticeable around the LUFs compared to nonluteinized, subordinate follicles when CFD was applied (Fig. 2C) . While luteinization of the LUFs progressed, the ir-inhibin concentration increased rapidly and peaked with 0.79 6 0.58 ng/ml in the second week of the luteal phase (on average, 10.3 6 5.6 days after the second LH surge) (Fig. 3) .
The dominant follicle was always derived from the second follicular wave and became distinguishable from smaller, subordinate follicles approximately 5.5 days before ultrasonographically observed ovulation in the ovary containing the higher number of LUFs (Fig. 2B) . Ovulation took place 12-24 h after the second LH peak, when the dominant follicle achieved a diameter of 19.1 6 1.8.mm.
After the second LH peak, P m concentrations rose within 1-4 days and reached maximum of 3.2 6 3.74 ng/ml in the fifth week of the luteal phase. However, the luteal-phase P m concentrations varied greatly between individuals (range, 0.4-11.6 ng/ml), as the error bars in Figure 3 indicate. The acCLs that derived from the LUFs maintained an anechoic central cavity as long as 3-4 wk after ovulation (Fig. 2D) . The mean number of acCLs on both ovaries was 3.4 6 0.62 at the midluteal stage. Each elephant had at least two acCLs form in each cycle, and some developed as many as six. Figure 3 depicts ovCL development as well as the mean growth pattern of acCLs from the two largest ones per cycle.
Cross-correlations between the acCL and inhibin series were calculated, successively shifting the series by one lag against each other (Table 1 ). The maximum positive cross-correlation (R ¼ 0.827) was found for a time shift by 2 wk (Fig. 4) of inhibin data behind acCL data, which puts the maxima of the series on top of each other. Therefore, a linear regression model was set up between the acCL (dependent variable) and the 2-lag-shifted inhibin-series (independent variable), resulting in a Following the second LH surge, ir-inhibin remained elevated for 41.8 6 5.8 days and then returned to baseline concentrations 20-35 days before the end of the luteal phase (Fig. 3) . The ovCLs formed slowly and were distinguishable from ovarian tissue 7-10 days after ovulation. During the first week of the luteal phase, the acCLs were larger than the ovCLs (the two largest measured between 20.0 and 25.0 mm). Shortly after the occlusion of the central cavity, the acCLs reached maximum diameter during the third week postovulation (Fig.  3) . In the fourth week of the luteal phase, the regression of the acCLs began. The ovCLs were now noticeably the largest of all luteal structures, continuing to increase in diameter until between Day 35 and Day 42 of the luteal phase, reaching diameters of between 33.0 and 41.0 mm. Progestagen levels started declining shortly before structural onset of ovCL regression (Fig. 3) .
DISCUSSION
Inhibins are key factors for determining species-specific ovulation rates [28, 29] . However, little is known about their relation to follicular waves and CL development, especially in association with LUFs in elephants. For the present study, we combined two acknowledged methods: direct ultrasonographic observations of the ovaries and hormone measurements from blood samples. This combination has proven meaningful when studying inhibin and ovarian activity in domestic species such as horses [15] . By employing these methods for elephants, we found evidence that LUFs secret inhibins and, therefore, most likely play a role in dictating dominant follicle selection.
The inverse relationship between FSH and inhibin concentrations provides evidence of the important role of inhibin secretion in dominant follicle deviation [3, 4] . Serum FSH is lowest during the last week of the interluteal period before increasing steadily during the luteal phase. FSH peaks approximately 8-9 wk into the cycle, just before the decline in progestagens, after which concentrations decrease gradually throughout the next interluteal phase [3, 4] . Similarly, Kaewmanee et al. [13] described a negative correlation between FSH and inhibin in two female Asian elephants but still saw an FSH elevation during the luteal phase at the same time of high inhibin concentrations. This suggests that inhibin itself may not be able to suppress FSH completely. Brown et al. [4] found that the pattern of FSH secretion in elephants more closely resembles those of the horse and primates and may be responsible for recruiting follicles of the next ovarian cycle. Although we cannot prove that the measured ir-inhibin is biologically active, the negative correlation of FSH and inhibin suggests that suppressed FSH contributes to selection of a dominant follicle in a monovular species. The ovarian origin of inhibins varies among species. In mammalian species, such as rats, humans, and several nonhuman primates, the granulosa cells from growing follicles are the primary sources of increasing inhibin concentrations [9] . In humans and primates, luteal cells are also capable of secreting inhibin. However, no inhibin was expressed in the CLs during the estrous cycle in golden hamsters [30] or rats [31] .
Recent studies in elephants showed that the CLs of this species are able to produce high amounts of inhibin [13, 21] .
Immunohistochemical staining demonstrated a strong, positive reaction in luteal cells for inhibin a, bA, and bB subunits. These subunits were also found in follicular fluid and granulosa cells, but to a negligible degree in the theca cells, of the antral follicles [13] . The localization of inhibin led previous researchers to conclude that the CLs are able to secrete this hormone in addition to the antral follicles [13, 21] . The results of the present study concur with these findings. However, from our observations, it appears that only luteal cells of LUFs/ acCLs are a source of inhibin. In the present study, ir-inhibin increased approximately 9 days before ovulation. Within 2 days of elevated ir-inhibin concentrations, we visualized, using ultrasonography, the initial luteinization of larger follicles. In the present and a previous study [1] , development of LUFs became recognizable between 7 and 8 days before ovulation. Our results show a significant correlation between LUF/acCL diameter and increasing ir-inhibin concentrations. It is also quite likely that granulosa cells had begun to transform into luteal cells (and, therefore, to become secretory) before becoming recognizable in the ultrasound image. Dominant follicle deviation began approximately 5-6 days before ovulation; therefore, this contribution to peripheral ir-inhibin concentration cannot be excluded.
A second observation, however, led us to favor the idea of luteal-produced ir-inhibin over that of a primarily follicular origin. Inhibin concentrations remained elevated up to 6 wk into the luteal phase. Inhibin subunit mRNA and proteins have a relatively short half-life, resulting in serum inhibin levels dropping after ovulation in other species [32, 33] . In the mare, a brief ovulatory inhibin surge is caused by the release of follicular fluid into the abdominal cavity after rupture of the dominant follicle [14] . In elephants, inhibin concentrations stayed elevated for approximately 40 days after ovulation, with values starting to decline after the acCLs reached their maximum size. It was previously suggested that this inhibin production may be the result of continued follicular development during the luteal phase [4] . In elephants, however, no antral follicles are observed during this period [1] .
The relationship between CL appearance and hormone secretion has been previously demonstrated in domestic animals: CL diameter and hormone output correlate in cattle [34] and sheep [35] as well as in nondomestic species, such as giraffes [36] , and ultrasound has been valuable for evaluating the functional status (progesterone secretion) of luteal tissue. For the mare, it has been shown that luteal blood flow, depicted via CFD, reflects the CL activity status during the estrous cycle [37] . The increasing inhibin concentration but baseline progestagen levels around the time of LUF formation and concomitant enhanced blood supply suggest that the LUFs secrete inhibins rather than progestagens. The absence of P m 718 despite the presence of luteal tissue remains intriguing. In other mammals, inadequate CL function has been described under specific circumstances, including puberty, postpartum estrus, and hormonal treatment [38] . In premature giraffes, luteinizing follicles form pseudo-CLs that do not secrete any progesterone [39] . The lack of P m secretion from LUFs in a normal estrous cycle seems reasonable in mature elephants as, in contrast to many other species, P m seems to completely inhibit antral follicle development [1] . Consequently, P m secretion from LUFs would interfere with further folliculogenesis. Only after P m concentrations drop to follicular-phase levels has the formation of antral follicles been observed. The removal of P m , along with the increase in FSH concentration during the luteal-follicular transition, appears to play a key role in the initiation of follicular development [3] . This has also been shown for the menstrual cycle in women [40] . It remains to be determined what inhibits these luteinized cells from secreting progestagens, because during either pregnancy or the luteal phase, they become steroidogenically active, as demonstrated for the African elephant [41] .
In the present study, ir-inhibin never rose before the first LH peak occurred, even though large follicles were observed at this time. These follicles sometimes attained diameters within the range of the ovulatory follicle seen in the present and previous studies [1, 7] . It has been shown for other animals that both small and large estrogenic follicles are a significant source of ir-inhibin [42, 43] . If inhibin in elephants was derived solely from follicles, then there should also have been measurable levels before the first LH peak, similar to estradiol, which is detectable before both LH peaks [5] . In the present study, however, ir-inhibin rose only once luteinized structures appeared on the ovaries. The absence of LUFs and increased inhibin concentrations at the first compared to the second LH peak may furthermore explain why ovulation takes place only at the latter peak. A study performed by Thitaram et al. [44] , with the aim to induce the first LH peak, provides further evidence for the importance of LUFs as a source of inhibin. A gonadotropin-releasing hormone (GnRH) agonist administered to female Asian elephants during different time periods of the follicular phase always resulted in an immediate induction of a first LH peak. However, a second LH peak was only observed if the first peak was induced between Day 13 and Day 42 of the follicular phase. No second LH peak occurred when the GnRH agonist was administered between Day 9 and Day 12 [44] . We conclude that if the induced first LH peak occurred too early in the follicular phase, then the follicles of the first follicular wave were still too small and, therefore, did not luteinize. Consequently, inhibin secretion ceased-and therewith the development of a dominant follicle from the second follicular wave.
Previous studies of the elephant ovary have found that CLs typically are clustered together on the ipsilateral side of ovulation, whereas the contralateral ovary shows little or no luteal structures [45, 46] . We have noticed in the present and an earlier study [1] that ovulation always took place on the ovary that possessed the highest number of acCLs. Because the LUFs form before dominant follicle selection becomes evident [1] , this suggests that the LUFs/acCLs predetermine the ovary of ovulation. Therefore, inhibins, although measured peripherally, may also have an effect on the ovary itself in addition to the action on pituitary FSH secretion. Evidence for the intraovarian modification of cell functions through inhibin is present in other species [47] . Thus, the role of activins needs to be investigated in elephants. Activins are known to be important for follicle development by stimulating FSH secretion [48] and increasing the number of FSH receptors in granulosa cells [49] .
Direct actions of inhibin on the ovaries occur through the inhibitory effect on activin [47] . Furthermore, Woodruff et al. [50] showed that inhibin potentiates granulosa cell differentiation in rats. The presence of inhibin-binding proteins and sites as well as affinity to activin receptors in granulosa and theca cells imply that inhibin plays a complex, direct and indirect, para-and autocrine role for the development of the dominant follicle [47] .
Additionally, it remains to be determined if other (local) factors could be secreted by early luteal cells of the future acCLs to promote the selection of the ovulatory follicle on the same ovary. For example, speculation exists that minor (nonluteal-phase) concentrations of progestagens possibly derived from the LUF cells could have an impact on dominant follicle selection, because previous studies have noted small elevations before the second LH surge [1, 4, 6] . Because of their size, long reproductive interval, and endangered status, however, elephants are extremely challenging animals to study, particularly when investigating in vivo reproductive activity, such as hormonal pathways, secretion of local factors, and auto-or paracrine effects. Nevertheless, the present study, using a combined method, revealed a novel mechanism for dominant follicle selection as well as luteal tissue accumulation.
The ability of elephant acCL cells to secrete inhibin suggests a completely new role for these early luteal tissues. It also underlines the importance of the function of the first LH peak, because it is associated with the formation of LUFs, which are the source of acCLs [1, 6] . Thus, in addition to the function of the LUF as the source of acCLs and, therefore, progestagens during the luteal phase and pregnancy [41] , the ability of these LUFs to secrete inhibins likely is a precondition for the development of a single dominant follicle.
